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When the first three-dimensional structures of protein
molecules were determined at atomic resolution, there
remained a significant concern as to the conformational
similarity between proteins in a crystalline lattice and those
in aqueous solution. It is now widely accepted that the
structure of a biological macromolecule in the crystal is
virtually the same as its structure in solution. It is often
equally important, however, to compare the reactivity of a
protein in a crystalline environment with that in solution.
Specifically, the investigator must often assess whether the
crystal lattice imposes subtle structural differences, with
respect' to a fully active molecule in the cell, that could
influence mechanism or reactivity. This is particularly
important in the development of time-resolved crystallo-
graphic studies of biological intermediates in order to
properly estimate the lifetime of a specific intermediate,
and also in the light of the rapidly growing number of
molecular and cellular biologists now making significant
use of X-ray crystallographic studies and collaborations.
For many proteins, other than enzymatic catalysts, that
function primarily by binding and associating with other
macromolecules, direct assessment of the reactivity and the
productive conformation of the crystalline structure is diffi-
cult to accomplish. The biochemical relevance of the crys-
tallographic structure is therefore usually assessed indirectly,
by comparing the crystallographic model with experi-
mental genetic and biochemical information. For enzymes
the situation is far more straightforward, as there are several
parameters that characterize the enzymatic reaction that
can be measured both in solution and in the crystal. Such
studies can define the effects that the crystal lattice or the
crystallization buffer impose on the protein's ability to
function, and provide a foundation of data that may be
compared, by analogy, with non-catalytic protein systems.
Using steady-state techniques, four enzymatic parameters
can be determined accurately in the crystal. These para-
meters include: the overall maximal substrate turnover rate
(Vmax); the Michaelis constant (Km, the substrate-binding
constant, as indicated by the substrate concentration at
half-maximal velocity); whether substrate turnover occurs
throughout the entire volume of the crystal or only at the
molecules found at its surface; and the rate of substrate
diffusion and binding. In cases where a well characterized
intermediate is known, and is kinetically competent and
stable, one may also measure individual rate constants for
specific reaction steps in the crystal. These studies may be
performed in the crystal, in solution and under 'near-crys-
tal' solvent conditions, in order to characterize and distin-
guish the effects of high concentrations of mother liquor
components, compared with those resulting from crystal
lattice contacts.
Reactivity and the crystalline environment
Catalytic turnover is possible in many enzyme crystals
because of their highly solvated structure and the accessi-
bility of the active sites to solvent (Fig. 1). In protein crys-
tals, the solvent is localized into internal channels and
structural hydration shells, allowing the diffusion and bind-
ing of solute molecules within the crystal lattice. The frac-
tion of the crystal volume that is occupied by solvent in
most protein crystals is generally between 40% and 60%
[1]. But, although catalysis is possible in the crystal, there
may be observable reductions in reaction rates and in
apparent substrate-binding affinities [2]. These differences
in reactivity between the crystal and solution states of the
protein may be caused by rate-limiting diffusion of sub-
strates through the crystal, by competition for binding with
crystallization agents that are found at high concentrations
Fig. 1. The crystal packing of chymotrypsin, showing the large sol-
vent channels. The figure shows the Ca backbone for the eight
monomers in a unit cell of y-chymotrypsin. The origin is at the
bottom right-hand corner. The a direction is going back into the
page, the b direction is toward the left, and the c direction is up.
The two solvent channels are at the origin and in the middle of
the unit cell. The active site of the enzyme faces the solvent chan-
nel at the origin. It would be possible for substrates of more than
ten amino acids to flow through this channel.
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in the crystallization mother liquor, or by crystal lattice
contacts that block the enzyme active site or that alter the
mobility of catalytic side chains or backbone torsions. The
crystal lattice is therefore important with respect to both
the availability of substrate at the active site, and its effect
on individual rate constants.
For the investigator interested in directly measuring rate
constants in the crystal, the first and most important con-
cern must be whether diffusion within the crystal acts as a
rate-limiting process and therefore reduces the observed
reaction rates. As derived by Makinen and Fink [2], a crit-
ical thickness, X,can be estimated for most enzyme crys-
tals, representing the maximum dimension of the shortest
edge of the crystal that will allow steady-state kinetic and
time-resolved crystallographic studies without interference
from rate-limiting diffusion processes.
For each crystal, Xlc is dependent on the maximal substrate
turnover rate in solution under optimal conditions, the
solvent content and solvent channel dimensions in the
crystal lattice, and the accessibility of the active sites in the
crystal, and is given by the equation:
Xc = [Di/kcat[E]] 1/2 (1)
D i represents the invariant diffusion coefficient of the sub-
strate for a given solute in aqueous solution at 200C, [E] is
the concentration of the enzyme in the crystal lattice, and
kcat represents the rate constant for the rate-limiting step in
the reaction profile. Clearly, diffusion processes become
rate-limiting when the maximal turnover rate is high or
when the crystal lattice becomes more tightly packed. In
such cases, it is necessary to use smaller crystals for kinetic
studies. This relationship provides a reasonable estimate of
the experimental constraints for kinetic studies in the crys-
tal for a variety of crystalline catalysts and solutes, as shown
in Table 1. In practice it has been demonstrated that crys-
tals with larger dimensions than Xc may be used without
interference provided that the crystals have one edge of
approximately this length, and that this surface is oriented
roughly perpendicular to the flow of solvent/mother
liquor during the experiment.
If the experiment is designed such that diffusion and deliv-
ery of substrate to the active sites throughout the crystal is
not rate limiting, then standard steady-state Michaelis-
Menten kinetic assays may be performed. In such experi-
ments, the rate of product formation, v, is measured as a
function of substrate concentration, [S]. Such experiments
allow direct measurement of Vmax and the substrate-bind-
ing constants, Km, as shown in the Michaelis-Menten
relationship (equation 2):
v = Vmax [S]/Km+[S] (2)
In a manner analogous to kinetic studies in solution, such
experiments may be performed by supplying substrate at
varying concentrations to the enzyme in the crystal, while
collecting and monitoring the effluent from the crystal in
order to determine total product formation. Rough esti-
mates of Vmax and Km can be determined by plotting l/v
against 1/[S], and the true values of these constants (along
with their errors) can be derived from a complete statistical
analysis [3]. The kinetic mechanism used to derive equa-
tion 2 does, however, require that the enzyme and substrate
interact to form an enzyme-substrate (ES) complex that
can then undergo either catalytic conversion to the final
products or physical dissociation back to E + S. To use this
simple model several criteria must be satisfied: at high sub-
strate concentrations the enzyme must be saturated; at
steady state the rate of formation of the ES intermediate
must be equal to its rate of breakdown; and under the reac-
tion conditions the concentration of product should be
insignificant, so that the back reaction may be ignored.
This last criterion is true for all solution experiments as at
the beginning of the experiment there is no product pres-
ent. In the crystal, however, (where the concentration of
enzyme is much higher and therefore the local concentra-
tion of product accumulates rapidly) this assumption is
probably only true when crystallographic flow cells are
used to apply continuously high concentrations of sub-
strate, while simultaneously removing product molecules.
One final criterion for steady-state kinetic measurements is
the very important assumption that the total concentration
of substrate is in excess of the enzyme concentration. In
solution, unless one makes this assumption, the rate equa-
tions are not useful, because the free substrate concentra-
tion is not known and therefore the meaning of the
measured rate, in terms of Vmax and Km, would be unclear.
It is possible to make this assumption for any crystal-based
experiments as, although the local concentration of
enzyme in the lattice is very high, the total amount of sub-
strate is much greater. Therefore, provided that diffusion is
not rate limiting, as described above, one can measure rates
using substrate concentrations as low as those in solution.
Therefore, under appropriate conditions using flow cells,
continuous flow spectrophotometer cuvettes, and accu-
rate absorbance spectrophotometers, steady-state kinetic
Table 1. Diffusion limits and critical crystal dimensions for
kinetic studies, estimated for crystals with Vm of 2.6 A3 dalton-1.
Di (mm 2 -1 ) at (mm)Solute
Ethanol
(46.07 g mo-1)
Glycine
(75.07 g mol-1)
La+ 3
(138.9 g mol- 1)
Dextrose
(180.16 g mo1-1)
Sucrose
(342.30 g mol-1)
2.40x1 0-3
1.05x1 0-3
1.10x10-3
0.67x1 0-3
0.52x1 0- 3
10 0.02
1 0.05
0.1 0.20
10 0.01
1 0.03
0.1 0.10
10 0.01
1 0.03
0.1 0.10
10 0.008
1 0.02
0.1 0.08
10 0.007
1 0.02
0.1 0.07
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Fig. 2. Crystallographic flow cell. The
apparatus can be constructed from
quartz capillaries of variable size, tightly
fitted with PVC pump tubing for deliv-
ery of substrate and elution of product
to the continuous flow cuvette and
spectrophotometer. The presence of the
substrate within the capillary is indi-
cated in the diagram. By fixing the cap-
illary to a right angle syringe needle
adapter with the PVC tubing, and then
to a goniometer mount, the crystal may
also be used for X-ray data collection
and/or monitoring, using a single-crystal
microspectrophotometer. The gonio-
meter mount shown here consists of a
cylindrical base of polycarbonate plastic
with a slot machined into it from above
and the side so that it is capable of
accommodating the syringe and pump
tubing. Teflon screws ensure a rigid
mount; the capillary is attached to the
right-angle syringe stock by the same
pump tubing stock. Use of a yoke
(shown here) increases the stability of
the set-up. The inset at the top left-hand
side of the diagram shows an isocitrate
dehydrogenase crystal mounted in the
flow cell and wedged using cotton
fibers. The dimensions of the crystal are
0.2 mm x 0.4 mm x 0.5 mm, and the
crystal is mounted in a 0.5 mm quartz
cuvette. The crystal is stable in flow
rates greater than 10 ml min-1.
measurements can be performed on protein crystals,
although several controls, in addition to those required for
experiments performed in solutions, must be carried out.
These include measurement of the effect of increasing con-
centrations of crystallization agents on substrate binding
and turnover in solution, determination of the total protein
present in each crystal used, and quantification of total
product release during the experiment. With the inclusion
of such controls, Vmax may then be measured and expressed
either in terms of overall specific activity (moleprduct
min-1 mgenz- ) or as a specific turnover number per molar
equivalence of enzyme (moleproduct min- 1 I.moleenz-l).
The value of Vmax determined may then be used for the
design of time-resolved experiments (see later) or for the
simple assessment of reactivity in the crystal.
Crystallographic flow cells and substrate presentation
The determination of basic kinetic parameters in solution is
performed under conditions such that the initial steady-
state reaction rate is monitored before the accumulation of
significant concentrations of product. In the crystal, how-
ever, the same experimental design is accomplished by con-
tinuous application of variable substrate concentrations to
the crystal, using a flow cell. This apparatus facilitates the
determination of reaction rates by allowing the collection
and quantification of product in the effluent. One may also
collect X-ray diffraction data and/or monitor directly the
visible absorbance spectra of the crystal during the course
of the experiment (using either a single-crystal microspec-
trophotometer [4] or a charge-coupled device (CCD)
video absorbance detector [5]) in order to determine the
time course of substrate diffusion and binding in the crys-
tal. These auxiliary measurements are possible when the
rate-limited intermediates present at steady state provide an
absorbance signal that allows accurate measurement of their
concentration in the crystal. The time course of diffusion
and saturation of the crystalline active sites should parallel
the lag time leading to a steady rate of product formation.
The basic principles of flow-cell construction have been
discussed elsewhere [6,7]. This device is designed to immo-
bilize the protein crystal while the mother liquor flows
continuously over it, allowing the presentation of substrate
or other chemical species to the crystal. In this summary
we present the design favored in our laboratories, which
offers the advantages of extreme ease of construction
(because no glue or adhesives are needed construction
before use takes an average of five minutes) and adaptability
to the constraints of the work space (Fig. 2). The basic flow
cell is constructed from quartz capillaries fixed to PVC
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pump tubing and an optional right-angle syringe needle
adapter that allows the flow cell to be clamped to a
goniometer mount. The adapter and mount are only
needed when single-crystal spectroscopic measurements or
X-ray exposures are also collected. By using flexible tubing
of variable diameter (Fisher PVC Manifold Pump Tubing,
i.d. 0.25 mm to 2.79 mm) a capillary of any diameter can
be fitted snugly in the cell, allowing the presentation of
substrate and collection of product to occur. After assem-
bling the cell, the capillary and the incoming tubing is filled
with mother liquor using a syringe and, with the capillary
fixed in an upright position, the crystal is introduced with a
pipette. The crystal can be fixed in place either by wedging
it into a tapered capillary or by bordering the crystal on
either side with cotton fibers. If no X-ray or absorbance
data are to be collected during the kinetic assays, then the
crystal does not need to be fixed into a static position and
orientation in the flow cell. After placement of the crystal,
the flow cell may be used immediately or sealed at the
upper end with wax for data collection later.
The effluent tube allows collection and monitoring of
product formation as the product is washed from the crys-
tal. For this purpose, we use a continuous flow quartz
cuvette (NSG Precision Cells Inc., Farmingdale, NY) with
a 10 mm optical path. This allows the effluent to be moni-
tored continuously during the course of the experiment,
for each substrate concentration applied. By quantitating
the total effluent volume and total absorbance units pro-
duced over a specific period of time, the rate of product
production (in Lmolespduct min-1) may be directly calcu-
lated for the crystalline enzyme specimen. After accurate
quantification of total protein in the crystal, these values
may be converted to absolute turnover numbers (turnover
events per active site per second).
Determination of Vmax and Km
Before measuring turnover in the crystalline state, a great
deal of information may be obtained simply by measuring
steady-state kinetic profiles under increasing concentra-
tions of the crystallization reagent in solution. For many
enzymes, such measurements may be performed at precip-
itant concentrations close to those used to grow and main-
tain crystals. This is due to the relatively low protein
concentrations used in enzymatic assays, compared with
10- to 100-fold higher concentrations that are used to
grow crystals. Before carrying out such measurements,
protein aggregation must be examined to ensure that, in
solution, the enzyme remains in a monodispersed state
with homogeneous molecular weight distribution. Such
measurements can be made routinely using quasi-elastic
light scattering [8], ultracentrifugation, or size-exclusion
chromatography. As shown in Figure 3, these kinetic-pro-
file studies may alert the investigator to the presence of
competitive binding at the active site by high concentra-
tions of salts or other crystallization agents (as indicated by
an increased Km, with Vmax unchanged). If Km changes,
the range of substrate concentrations needed to accurately
determine Vmax in the crystal will also change indepen-
dently of inhibition at the active site.
Fig. 3. Saturation kinetic plots for isocitrate dehydrogenase at
0 M (circles) and 1 M (triangles) ammonium sulfate. The enzyme
concentration used in the assay is 20 fig ml-' (compared with 20
mg ml-1 during crystal growth). The enzyme does not aggregate
for concentrations of ammonium sulfate of up to 1.3 M; typically
crystals are grown at approximately 1.6 to 2.0 M ammonium sul-
fate. The Michaelis constant (indicated by the arrow) increases as
the concentration of ammonium sulfate increases, but the maxi-
mum enzyme catalytic velocity remains relatively constant.
Once the substrate-binding constants and turnover rates in
the presence of near-crystalline concentrations of mother
liquor have been estimated, similar kinetic experiments
may be performed in the crystal. Total product formation,
and the resulting enzymatic turnover rates, are directly
measured for several substrate concentrations within a
wide range: (a reasonable substrate concentration range is
0.1 to 10 x Km, with the reciprocal concentration units
for the samples measured being evenly spaced). It is partic-
ularly important to repeat these measurements on several
crystals, each of which will then be used to measure total
protein, for calculation of absolute turnover numbers. The
flow rate used must be sufficient to continuously drive
steady-state turnover throughout the crystal, for each sub-
strate concentration used. One can roughly estimate the
minimum flow rate necessary to provide saturating sub-
strate and achieve steady state (equation 3):
Expected x Approximate
kcat (sec -1) amount of
enzyme in
crystal (nM)
= [substrate] flow rate x Q (3)
in mother (ml sec- ')
liquor
(nM m1-1)
In other words, the rate of delivery of a given concentra-
tion of substrate by the flow cell must keep pace with the
rate of substrate conversion by the enzyme molecules in
the crystal. The constant Q represents the efficiency of
substrate diffusion into the crystal. (If every molecule of
substrate presented in the flow cell diffused to the interior
of the crystal, this factor would equal 1.0.) Because a large
percentage of the substrate in the flow of mother liquor
passes around the crystal, without penetrating the lattice
interior, the flow rate and/or substrate concentration must
be increased to achieve steady state.
For example, suppose that one wishes to measure kcat in
the crystal for a mutant form of the enzyme isocitrate
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dehydrogenase with a known absolute turnover rate in
solution of 1 sec- 1. The concentration of enzyme in the
crystal lattice is approximately 10 mM and therefore, for a
crystal of dimensions 0.1 mm x 0.3 mm x 0.3 mm (total
volume approximately 0.01 l1), the total amount of
enzyme present in the crystal is approximately 0.1 nM,
implying that, at maximum velocity, the enzyme crystal can
convert substrate to product at a rate of 0.1 nM s- 1. The
absolute minimum delivery rate of substrate to the crystal
must therefore be 0.1 nM s- 1, which translates to a flow
rate of 0.1 pl s- 1 (6 pIl min- 1) if the substrate is present at
1 mM concentration in the mother liquor. As only a frac-
tion of this substrate actually diffuses into the crystal, one
must increase the relative delivery of substrate by increasing
flow rate, increasing substrate concentration, or by decreas-
ing crystal volume. In practice, a steady-state reaction may
be achieved for these crystals by using flow rates of approxi-
mately 1-10 ml min 1 , with substrate concentrations
equivalent to, or lower than, Km, so Q for this crystal is
0.006. As the size of the crystal or the kcat of the enzyme
increases, it becomes more difficult to achieve steady state
or to induce the accumulation of a rate-limited inter-
mediate in the crystal, as predicted by equation 1, above.
If the rate of diffusion and total time needed for steady-
state formation in the crystal are known, then product for-
mation in the effluent can be measured directly for a
specific period of time after presentation of the substrate.
The initial time period of diffusion and equilibration of
substrate concentrations through the crystal will be shown
by a lag in the increase in absorbance which will then lead
to a linear rate of product release, as shown in Figure. 4a.
The total number of absorbance units produced by the
crystal (total AU) in a given total effluent volume (vol-
ume(L)) and specific period of time are then used to calcu-
late a rate of product formation for each individual crystal
used (ratecryst), by rearrangement of the Beer-Lambert
Law (equation 4):
total AU x volume(L)
E(M cm-' L) x path length (cm) time (min)
(4)
where E is the molar absorption coefficient.
As an example, suppose that 5 ml of effluent is collected
in 1 min and that this sample has an absorbance of 1.5. If
the product being monitored has an E of 0.2 pIM- ' cm- 1 L
and the path length of the monitoring cuvette is 1 cm,
then the rate of product formation and release by the crys-
tal at that substrate concentration is 0.0375 pIM min- l, or
37.5 nM min- '. When divided by the total amount of
protein in the crystal, this rate can be translated into a spe-
cific activity or absolute turnover number. The experiment
is then repeated at the necessary substrate concentrations to
give Vmax and Km for the molecules in the crystal (Fig. 4).
There are three methods used in our laboratories for
determination of total protein in the crystal: dissolution
of the crystal and measurement using commercial protein
concentration assays; dissolution of the crystal and
Fig. 4. Representative kinetic data for enzymes in the crystal lattice. (a) Product (reduced NADPH) formation by crystals of wild-type
(WT) and mutant (K230M, Y160F) isocitrate dehydrogenase, monitored by increase in Abs340, at saturating substrate concentrations
(150 mM isocitrate, Mg2+, and NADP+) The maximal enzyme velocity for each of the two mutants is reduced to approximately 1/100
of the wild-type value. This panel demonstrates kinetic data produced by an enzyme that turns over efficiently (wild type: 56 s- 1) and
produces a product molecule (NADPH) with a large molar extinction coefficient (2 x 10- 6 M-'L cm-1). As shown in the inset, linear
Lineweaver-Burke plots may be produced from crystalline kinetic data for such systems; these plots allow direct estimation of Vmax and
Km, as discussed earlier. (b) Production of fumarate by crystals of aspartate ammonia lyase, monitored by increase in Abs260. Because
of the low extinction coefficient of fumarate and the relatively low k for the enzyme, these rates are measured at fixed time points, by
withdrawing an aliquot of the solution surrounding the crystal, rather than by a continuous assay. Three different starting aspartate
concentrations (1 mM, 25 mM, and 50 mM) are shown, with increasing substrate concentration correlating with an increased rate of
product formation. Different crystals were used for each experiment. (c) Hydrolysis of nitrophenol acetate by crystals of -y-chy-
motrypsin, monitored by increase in Abs 399. This experiment was carried out using a large (0.8 mm x 0.5 mm x 0.5 mm) single crystal of
the enzyme. The flow rate was 0.25 ml min- and the substrate concentration was 30 mM. The solution that flowed through the crystal
comprised 99% hexane and 1% acetonitrile. The lag in product formation was due to the presence of a peptide in the active site during
the crystallization of y-chymotrypsin. This peptide acted as a competitive inhibitor of the nitrophenol acetate. By flowing the substrate
through the crystal in a non-aqueous solvent, it was possible to adjust the amount of water remaining in the crystal lattice, as each
enzymic turnover requires a water molecule in order to complete the hydrolysis of a substrate molecule.
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determination of total protein by amino acid analysis and
mass spectroscopy; or dissolution of the crystal and deter-
mination of molar equivalence by incubation with a sui-
cide substrate (which allows the production of exactly one
molecule of product per molecule of active enzyme). In
practice, the investigator will find it desirable to carry out
both of the first two methods on multiple crystals to verify
and reproduce results. If the final turnover number derived
in the crystal is significantly lower than that for the protein
in solution, then it is important to distinguish whether
catalysis is occurring at a reduced rate throughout the
crystal, or only at the surface of the crystal. This can often
be estimated by carrying out the last experiment described
above on the intact crystal in artificial mother liquor, in
order to measure the relative number of reactive enzyme
molecules in the crystal relative to the entire population of
molecules in the crystal.
Applications to time-resolved crystallographic studies
As discussed in the introduction, the direct determination
of turnover rates and binding constants in the crystal is
particularly important for time-resolved crystallographic
studies. Such experiments currently can be divided into
three categories.
Cryo-crystallographic experiments
The rate of disappearance of a specific intermediate state is
drastically reduced by lowering the total energy available
to the system [9-131. Extremely low temperatures reduce,
or eliminate entirely, the ability of the reaction to proceed
through a specific chemical-rate barrier and allow the
trapping of specific intermediate states.
Solvent trapping
The structure of a chemically trapped intermediate state
may be determined crystallographically by adjusting sub-
strate concentrations or solvent conditions such that a par-
ticular intermediate has a lower free energy than any other
[14]. These conditions may include a significant change in
the pH of the reaction or conducting the reaction in a
non-aqueous mother liquor [15-17].
Polychromatic data collection (Laue crystallography)
Diffraction data is collected rapidly while a specific cat-
alytic intermediate is forced to accumulate throughout the
majority of the active sites in the crystal.
Such experiments can be performed using triggered,
single-turnover techniques (allowing visualization of rate-
limited intermediates with half-lives of milliseconds or
longer) [18-22] or by steady-state accumulation of more
severely rate-limited species [23].The accurate measure-
ment of reaction rates in the crystal is essential for the
execution of experiments designed to induce the accumu-
lation of a specific rate-limited intermediate which may
then be visualized crystallographically.
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